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We propose to use charged-current neutrino-nucleus interactions as a probe of the many virtual
transitions involved in neutrinoless double-beta decay. By performing ν and ν¯ interaction studies
on the initial and final nucleus respectively, one can get information on the two branches involved in
the double-beta decay process. The measurement of such reactions could help to further constrain
double-beta decay predictions on the half-lives.
PACS numbers:
The experimental evidence of neutrino oscillations has
opened a new exciting era in neutrino physics [1]. The ob-
servation of non-zero neutrino masses and mixings is im-
portant for various domains of physics, from high-energy
physics to cosmology, and has triggered many theoreti-
cal investigations as well as experimental projects. This
discovery represents a big step forward in our knowledge
of neutrinos properties. Still, these particles have many
mysteries to unveil, one of the key open questions being
the Dirac or Majorana nature of neutrinos, which is cur-
rently explored with the search for neutrinoless double-
beta decay in nuclei. The observation of such a process
would represent an outstanding discovery. Besides, im-
portant information on the neutrino mass scale, on the
hierarchy and on the Majorana phases could be obtained
(see e.g. [2]).
In the last decades important progress has been done
on the double-beta decay process, both from the exper-
imental and from the theoretical points of view [3, 4,
5, 6, 7, 8, 9]. Concerning the experimental achieve-
ments, the two-neutrino (2ν) double-beta decay process
is now observed in a large ensemble of nuclei, and the
half-lives for several isotopes are being measured with
a very high precision [10]. As far as the neutrinoless
(0ν) double-beta decay is concerned, the presently run-
ning NEMO3 experiment will reach a sensitivity of 0.2
eV in the near future [10]. The best present limit, in the
range of 0.3-1.eV, comes from the germanium-based ex-
periments [11]. In particular, a claim for the evidence of
neutrinoless double-beta decay was made recently [12].
This will be confirmed or refuted by the future CUORE
[13] and GERDA experiments. Various other projects
are now under study to reach the tens of meV sensitivity
[8, 9, 14]. From the theoretical point of view, present
predictions of neutrinoless double-beta decay half-lives
still exhibit important differences for the same candidate
emitter. Understanding the origin of the differences in
the nuclear matrix elements that determine such decay
rates represents an essential step in the future, both for
the search of neutrinoless double-beta decay, and to fully
exploit a positive result.
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So far, several related processes have been consid-
ered to constrain theoretical calculations: the charge-
exchange reactions [15], β+ and β− decays (see e.g.[4, 16])
and muon capture [17]. Different states are probed in
these processes. In charge-exchange reactions mainly in-
formation on the allowed Gamow-Teller transitions is ob-
tained. Concerning beta-decay, only transitions to low-
energy states are probed, whereas high-energy states can
be excited in muon capture, which explores one of the
two branches of the double-beta decay process only.
In this letter, we propose to use charged-current
neutrino-nucleus interactions as a supplementary probe
to constrain the calculations on the neutrinoless double-
beta decay half-lives. We discuss that such processes
probe the many virtual states involved. In particular,
neutrino-nucleus interactions have two specific features
compared to the double-beta decay related processes con-
sidered until now. If both ν and ν¯ beams are available,
the measurement of ν (ν¯) interactions on the initial (fi-
nal) nucleus can probe the two branches. The relevant
information on the Fermi and Gamow-Teller type (also
called forbidden) transitions could be gathered by vary-
ing the impinging neutrino energy, since the contribution
of these states to the total cross section increases for in-
creasing neutrino energy. We illustrate this point by tak-
ing 48Ca as a typical example. Such measurements could
be performed at facilities producing low-energy neutri-
nos, like the one proposed at SNS and exploiting conven-
tional sources (pion and muon decay-in-flight or decay-
at-rest) [18], or with a low-energy beta-beam facility [19]
which uses the beta-decay of boosted radioactive ions
[20]. The latter option has two particularly attractive
features. First, very pure νe and ν¯e beams can be pro-
duced and, second, the neutrino average energy can be
easily varied by modifying the acceleration of the ions
(note that Eν = 2γQβ where γ and Qβ are the Lorentz
factor and the beta Q-value respectively). The interac-
tion rates are discussed in [21, 22].
The transition operators involved in the neutrinoless
double-beta decay are given in detail in e.g. [3, 4, 5].
These have two-body character and involve spin-isospin
and isospin degrees of freedom. In the 2ν case, the en-
ergy involved is typically a few MeV, like in beta-decay.
Therefore, mainly allowed Gamow-Teller transitions are
involved. The measured 2ν half-lives are often used to
2constrain the calculations and, in particular, to deter-
mine the intensity of the particle-particle interaction (see
e.g. the discussion in [23] and references therein). On the
other hand, in the 0ν case due, for example, to a massive
Majorana neutrino exchange, from the uncertainty prin-
ciple one gets that the typical momentum is expected to
be of the order of 100 MeV. Therefore, both Fermi and
Gamow-Teller – allowed and forbidden – transitions from
the initial (and final) nucleus to the intermediate one can
be excited, arising from the multipole expansion of the
neutrino-exchange potential (see e.g.[24]). The contribu-
tion of these states to the half-lives of various double-beta
decay emitters has been explicitly shown in several works,
like for the case of 48Ca (see Figs. 5 and 6 of Ref. [25]
and Fig.3 of Ref.[24]) and for the case of 76Ge (see Figs.2
of Refs.[26, 27] and Fig.1 of [28]). In particular, Ref.[26]
discusses the effect of short-range correlations on the con-
tribution of these states. Using the multipole expansion
of the neutrino potential, it is easy to show that the Fermi
and Gamow-Teller type transitions are the same as the
ones involved in neutrino-nucleus interactions. In fact,
the general expression for the (anti)neutrino-nucleus re-
action cross section can be written as [29]:
σ =
G2
2pi
cos2θC
∑
f
plEl
∫ 1
−1
d(cos θ)Mβ , (1)
where Gcos θC is the weak coupling constant, El =
Eν − Ef + Ei (pl) is the outgoing lepton energy (mo-
mentum), Ef (Ei) and Eν being the energy of the final
(initial) nuclear state and the incident neutrino energy
respectively and θ is the angle between the directions of
the incident neutrino and the outgoing lepton. The tran-
sition matrix element Mβ is given by:
Mβ ≡ MF |〈f |1˜|i〉|2 +MG0 1
3
|〈f |σ˜|i〉|2 +MG2Λ (2)
where, in particular, the squared nuclear matrix elements
involve isospin and spin-isospin degrees of freedom and a
generalized Bessel function as a radial part:
|〈f |1˜|i〉|2 = ai
∑
l
|〈Jf ‖
∑
k
t+(k)jl (qrk )Yl (rˆk )‖Ji〉|2,
(3)
|〈f |σ˜|i〉|2 = ai
∑
l,K
|〈Jf ‖
∑
k
t+(k)jl (qrk )[Yl(rˆk )× σ](K )‖Ji〉|2.
(4)
Here, k labels the space and spin-isospin coordinates
of the k-th nucleon, l, l′ are the orbital angular mo-
menta and K is the total angular momentum of the
transition operators and with ai = 4pi/(2Ji + 1),
bl,l′ = (−1)l/2−l′/2+K
√
2l + 1
√
2l′ + 1. The coefficients
MF ,MG0 and MG2 [29] appearing in (2) depend on the
momentum q transferred to the nucleus and on the stan-
dard form factors. (Note that, since neutrino-nucleus
interactions are essentially a one-body process, the cross
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FIG. 1: Contribution of the states of different multipolarity to
the total charged-current νe+
48Ca cross section for neutrino
energy Eν = 30 MeV. The histograms show the contribution
of the Fermi (Jpi = 0+), the Gamow-Teller (1+) and the spin-
dipole (0−, 1−, 2−) states and all higher multipoles up to 5.
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FIG. 2: Same as Fig.1 for Eν = 60 MeV.
sections are not influenced by short-range correlations.)
In the limit of small momentum transfer, the operators
in (3-4) reduce to the allowed Fermi and Gamow-Teller
operators. On the other hand the q-dependent opera-
tors are the same as the ones involved in muon capture
(except for the radial dependence which, in that case,
includes the muon wave function).
The possible future availability of neutrino beams hav-
ing several tens of MeV could offer the opportunity to
perform neutrino-nucleus interaction studies at different
energies, exploiting either the decay-at-rest or in flight
of muons and pions [18], or low-energy beta-beams [19].
The relevant information on the transition matrix ele-
ments could be disentangled by varying the impinging
neutrino energy since the importance of these states –
relative to the allowed Fermi and Gamow-Teller ones –
varies with the neutrino energy. We illustrate this feature
by taking the case of 48Ca as typical example. The results
are obtained by using the microscopic proton-neutron
Quasi-Particle Random Phase Approximation (QRPA)
using Skyrme forces. The details of the approach can
be found in [30]. The pairing gap is taken to reproduce
experimental separation energies and the force used is
SGII. Similar trends are obtained with the SIII force.
Note that, as far as the double-beta decay of 48Ca is
concerned, several calculations exist in the literature ei-
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FIG. 3: Same as Fig.1 for ν¯+48Ti.
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FIG. 4: Same as Fig.3 for Eν = 60 MeV.
ther within the shell model approach [3, 31] or within the
QRPA approach and its variants [24, 25].
Figures 1-4 illustrates how the contribution of states of
different multipolarity to the total νe+
48Ca and ν¯e+
48Ti
cross sections evolves for increasing neutrino energies,
i.e. Eν,ν¯=30 and 60 MeV. Similar results can be ob-
tained for other candidate double-beta decay emitters.
From Figs. 1 and 3 one can see that the cross section
at Eν,ν¯ = 30 MeV are mainly dominated by the allowed
Fermi and the Gamow-Teller states, even though there
can be a significant contribution coming from the other
multipoles (Figure 3). The situation is quite different for
Eν,ν¯ = 60 MeV where the contribution of the spin-dipole
(Jpi = 0−, 1−, 2−) states as well as higher multipoles
(mainly the Jpi = 2+ and 3+ in this case) becomes as im-
portant (or even dominates) the total cross section. Note
that such trend can appear already at lower neutrino
energies for heavier nuclei. These results indicate that
neutrino beams in the 100 MeV energy range could help
improving our knowledge of these states and furnish a
supplementary constrain, through neutrino-nucleus mea-
surements, on the matrix elements involved in 0ν double-
beta decay.
In conclusion, the search for neutrinoless double-beta
decay is a crucial issue to answer the question of the Dirac
or of the Majorana nature of neutrinos. The theoretical
predictions on the half-lives still suffer from important
differences for the same double-beta decay emitter. So
far various processes have been considered to constrain
the calculations. Here we have argued that the forbid-
den transitions which contribute to the neutrinoless half-
lives in the case, e.g. of a massive Majorana neutrino
exchange, are the same as the ones involved in neutrino-
nucleus interactions. We have also discussed that the in-
formation on such states might be extracted if neutrino
beams with different energies are available, since their
role increases for increasing neutrino energy. The study
of such processes has the advantage of offering the possi-
bility, at least in principle, to explore the two branches,
through the interaction of (anti-)neutrinos from the ini-
tial (final) nucleus to the intermediate one. We have
illustrated these features for a typical example. Future
facilities producing low-energy neutrino beams can offer
the opportunity to perform such studies. We hope that
this work will trigger studies on the feasibility of such
experiments.
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